INTRODUCTION
The fossil record in the United States shows major changes in mammalian diversity and grassland evolution since 20 Ma (Webb, 1977 (Webb, , 1983 Janis et al., 2000) , yet causes for these changes remain enigmatic. Modern species and habitat diversities correlate with climate (rainfall, which affects productivity; Ritchie and Olff, 1999 ; mean annual temperature; temperature variability; Simpson, 1964; Badgley and Fox, 2000) and geography (topographic variability or relief and elevation; Simpson, 1964; Badgley and Fox, 2000; Coblentz and Riiters, 2004) . For example, modern mammal diversities correlate positively with increased temperature, precipitation, elevation, and topographic variability (Badgley and Fox, 2000) , although very high productivity (rainfall) correlates with lower large mammal diversity (Ritchie and Olff, 1999) . But do past changes in topography and climate alone explain past changes in faunal diversity? Here we evaluate ungulate and carnivore diversity patterns in the western United States since 30 Ma (Fig. 1) to investigate how biodiversity correlates with tectonic and climatic events, and suggest that tectonics may contribute significantly to diversifi cation in two ways: through the development of topographic (and consequently fl oral) diversity, and through plateau-induced changes to seasonal climate patterns. Because of links between faunal and fl oral diversities, we further speculate on tectonic infl uences on the late Miocene rise of C4 grasslands.
METHODS
In brief, we: (1) used MioMap as a primary database, augmented with unpublished data from new Oregon collections, and measured (α-) diversity of carnivores and ungulates at the genus level; (2) grouped geographically proximal sites of similar age over areas smaller than likely habitat patches (a few square kilometers to a few tens of square kilometers; see the GSA Data Repository 1 for justifi cation); (3) used direct age controls for each site; (4) rarefi ed data (which normalizes diversity to a common sample size, minimizing bias) using number of individual specimens (NISP); and (5) calculated percent area under going extension from tectonic syntheses (Atwater, 2006) . Note that most large-mammal fossil sites in the Basin and Range were not suffi ciently productive, well characterized, and/or well-constrained temporally to support diversity analysis. Age resolution for regional tectonic syntheses is not better than ±1 m.y. (e.g., Wernicke and Snow, 1998) , whereas that of faunal collections varies considerably. Our methods differ from Barnosky et al. (2005) and Davis (2005) in excluding small mammals, and from Janis et al. (2000) in rarefying data. (See the Data Repository for further method details.)
RESULTS
Raw ungulate and carnivore diversities in all areas show much more abrupt increases at 17-17.5 Ma than previously reported, and decreases to lower diversity by 11 Ma (Figs. 2A and 2B) . Columbia Plateau and Snake River Plain data suggest diversity stasis thereafter. For ungulates, two-sided t-tests (see Table DR2 [see footnote 1]) show that diversities at 11-17.5 Ma differ signifi cantly from times before and after (p ≤ 0.02), except for the two data points for pre-17.5 Ma in the Mojave (p ~ 0.08). Rarefaction analysis (Fig. 2C ) supports these basic conclusions (p = 0.02 for pre-17.5 Ma versus 11-17.5 Ma; p < 1 × 10 −5 for 11-17.5 Ma versus post-11 Ma). For carnivore raw counts, pre-17.5 Ma versus 11-17.5 Ma differ signifi cantly (t-test p < 0.01). Post-11 Ma versus 11-17.5 Ma do not differ signifi cantly (p = 0.36), but carnivore counts for post-11 Ma collections are considerably larger than for 11-17.5 Ma collections. Rarefaction was not attempted for pre-17.5 Ma carnivores, because only one site is well characterized for NISP and has an unusually high carnivore-ungulate ratio. Rarefi ed post-11 Ma versus 11-17.5 Ma data show a signifi cant difference (p = 0.004). These geographically widespread trends, further supported by rarefaction analysis, suggest either minimal or uniform taphonomic bias and some widespread driving factors.
The percent area undergoing extension ( Basin and Range, Mojave, Columbia Plateau, and Rio Grande Rift, and rises gradually to the present. The jump at 17.5 Ma corresponds with the apparent increase in raw and rarefi ed ungulate diversities at 17.5 Ma, and in raw carnivore diversity at 17.0 Ma.
DISCUSSION High Middle Miocene Diversity: Local Tectonic Forcing?
Many interacting factors infl uence faunal assemblages, and some workers have argued for strong correlations between climate and faunal diversity changes in the Great Plains and western U.S. (e.g., Retallack, 2007) , especially to explain high diversities during the mid-Miocene climatic optimum ca. 15-16 Ma. In contrast, (1) the largest shifts in global climate, ca. 26 and post-7 Ma (e.g., Zachos et al., 2001) , are not obviously matched by signifi cant diversity changes (Fig. 2) ; (2) the highest rarefi ed ungulate and carnivore diversities postdate the mid-Miocene climatic optimum (Fig. 2C) ; and (3) faunal diversity clearly decreased between ca. 12 and ca. 7 Ma when global climate records show little overall change (Fig. 2D ). Others noted a poor correspondence between faunal patterns and global climate trends (Alroy et al., 2000) . Tectonic activity may help explain these disparities. Topographic relief directly correlates with modern species diversity (Simpson, 1964; Badgley and Fox, 2000) , because relief creates diverse local habitats capable of supporting diverse faunas. The advent of major regional tectonic events ca. 17.5 Ma, including high-angle extensional faulting, must have abruptly increased topographic and ecosystem diversity, which helped drive faunal diversity increases. We view high-angle block faulting, characteristic of mid-Miocene extension, rather than earlier low-angle faulting as the most effective tectonic cause of topographic diversity.
Even in these extending regions, some data could indicate climate contributions to faunal diversity. For example, Retallack (2007) associated one of the biggest changes to inferred habitats in Oregon between 16 and 18 Ma with increasing temperature and precipitation. Thus, tectonics, global warming, and increased precipitation could well have acted in concert to result in increased diversity. However, the Great Plains appear to have cooled and dried during the same interval (Retallack, 2007) , and the largest change to fl ora there occurred when open habitat grasses became abundant between 26 Ma (during the late Oligocene warming event) and 20 Ma (Strömberg, 2005) , several million years prior to the peaks in diversity. Insofar as the resulting mix of grasslands and forest elements persisted until 10 Ma (Strömberg, 2005) , why would Great Plains faunas diversify ca. 17.5 Ma? Noting the Great Plains' proximity to the margins of the Colorado Plateau and Rockies, tectonics emerges as a plausible factor.
Increased elevations or incision upstream of the Great Plains ca. 17.5 Ma is evident from abrupt coarsening of fossil-bearing sediments (Diffendal, 1982) , and tectonically driven increases in habitat diversity may have helped drive increased faunal diversity. Short-term oscillations in climate, already evident on an obliquity (41 k.y.) cycle between 23.6 and 28.7 Ma in Oregon (Retallack et al., 2004) , may have cycled faunas between diverse ecosystems in the Rockies and the topographically unremarkable Great Plains. That is, the Great Plains acted as a passive recorder of diversity elsewhere. Cool versus warm climate cycles yielded different habitats and faunas in the Great Plains, sourced by refugia in topographically diverse areas nearby. As most sampling sites include strata spanning tens or hundreds of thousands of years, multiple climate oscillations, habitats, and faunas are likely. This model implies, however, that layer-specifi c faunal assemblages should be correlated with warm versus cold or wet versus dry climates, and that diversity refl ects an area's carrying capacity, not rates of origination, extinction, or immigration. In our model, these latter processes would change which faunas are present, but not their diversity.
Decreased Late Miocene Diversities: Remote Tectonic Forcing?
Topographic variability steadily increased after 17.5 Ma (Fig. 2D) , so other factors must have caused decreased faunal diversity after 13-15 Ma. We ascribe this decrease to changes in local climate, productivity, and precipitation seasonality, in turn driven by global climate change and distal tectonics. Between ca. 15 and ca. 8 Ma, fl ora became more xeric in the western interior and Great Plains (Wing, 1998) , implying decreased rainfall and productivity, and more open, less diverse habitats, supporting less diverse faunas (Badgley and Fox, 2000) .
Tectonic activity in multiple orogens worldwide plausibly stabilized drier ecosystems and greater precipitation seasonality by 8-13 Ma. The area, rate of uplift, or both for the Tibetan (Molnar, 2005) , Altiplano (Garzione et al., 2006) , and Colorado (Sahagian et al., 2002) plateaus increased between 8 and 13 Ma. Whereas activity in orogens may span tens of millions of years, these changes indicate major departures from "background" activity and attainment of new tectonic states. Lateral growth of Tibet as early as 13 Ma and certainly by 11 Ma (Clark et al., 2005; Garzione et al., 2005) was accompanied by changes to atmospheric circulation patterns, profound changes in foreland sedimentation, changes in major fault movement rates, formation of the Tien Shan Range, and, ultimately, a change in plate motion rates in the Indian Ocean (see summary of Molnar, 2005) . The Altiplano underwent rapid uplift at 8-10 Ma (Garzione et al., 2006) , succeeded by a shift in Pacifi c-South America plate motions. Analysis of bubble size distributions in volcanic rocks of the Colorado Plateau suggests an increase in surface uplift rate, possibly commencing 6-10 Ma (Sahagian et al., 2002) , and a reversal in stable isotope trends from the western interior ca. 10 Ma was ascribed to tectonics (Horton et al., 2004; Kent-Corson et al., 2006) . At 8 Ma, the relative motion between the North American and Pacifi c plates changed (Atwater and Stock, 1998) , and the rate of extension in the central Basin and Range slowed by a factor ≥2 (Wernicke and Snow, 1998) .
Plateaus control climate, both proximally and distally, through their infl uence on atmospheric circulation patterns, which in turn affect ocean circulation. We propose that uplift of several major orogenic plateaus between 13 and 8 Ma ushered in new large-scale climatic regimes, particularly with respect to seasonal precipitation, that broadly persist today. As early as 13 Ma and certainly by 11 Ma, faunas became less diverse and remained so (Fig. 2) , refl ecting a permanent shift to mean climate and climate seasonality, drying the western interior and Great Plains. Annual wet-dry seasons favor grasslands, as dry-season fi res discriminate against nongrass fl oras ( Rundel, 2003, 2005) . Open habitat grasses have been present in North America since at least the Oligocene, but in the Great Plains signifi cant forest indicators remained until at least 10 Ma (Strömberg, 2002 (Strömberg, , 2005 , and paleosol types show minor changes between ca. 20 and 8 Ma (Retallack, 2001) , indicating that the modern grassland eco system formed subsequently. Increased variation in δ
18
O values of paleosol carbonates in the Great Plains by 9 Ma (Fox and Koch, 2004 ) may indicate an increase in climate seasonality.
These faunal, fl oral, and climate changes in North America may well be linked to outward growth of the Tibetan Plateau (e.g., Ruddiman and Kutzbach, 1989) . Plateau growth likely increased precipitation seasonality (i.e., the disparity between summer and winter precipitation amounts) in Southeast Asia, and strengthened the western Pacifi c westerlies (Zhisheng et al., 2001) . The western Pacifi c westerlies are linked to the Alaska Gyre and California Current, which strongly infl uence the wet-dry cycle in western North America; the California Current strengthened at 10-7.6 Ma (Barron et al., 2002) . Recently, stronger monsoons correlate with increased drought in the Great Plains (McCabe et al., 2004) , and general circulation models further suggest that global cooling intensifi es the winter (dryseason) monsoon (Hori and Ueda, 2006) . Thus, uplift of the Tibetan plateau, particularly within the context of mid-late Miocene global cooling, is logically linked to drying of the Great Plains as well as western North America overall. These changes helped stabilize grasslands in the Great Plains, allowing them to expand in the middle to late Miocene. Summer dry seasons may well have been present in the western U.S. since 14-15 Ma (Axelrod, 1992) , but lateral growth of the Tibetan Plateau at 8-13 Ma likely intensifi ed them, leading to a loss of habitat patchiness and local ecosystem diversity. Faunas responded to this new climate and ecosystem regime. Lower productivity after 11 Ma yielded less diverse ecosystems and faunas, because of global climate trends and tectonics, both proximal (western U.S.) and distal (Tibetan Plateau).
Our model implies that regions of the world that were tectonically quiescent (e.g., Australia) or that had different tectonic patterns (Europe?) should show different patterns of faunal diversity. The sparse Australian faunal record and active tectonics of the Alpine-Himalayan chain, East African Rift, and Andes in the past ~30 m.y. may confound such investigations.
Late Miocene Rise of C4 Grasslands
We hypothesize that faunal diversity responds to fl oral diversity, which is strongly affected by tectonics, so our seasonality model for late Miocene mammal diversity has additional implications for the rise of C4 grasslands. C4 grasses evolved by 12 Ma (see Kohn and Cerling, 2002) , and perhaps by 25 Ma (Kellogg, 1999 ; plausibly linked to a global decrease in CO 2 levels in the Oligocene), but they spread rapidly worldwide at 7-8 Ma (Cerling et al., 1997) , possibly triggered by a worldwide intensifi cation of seasonal fi res (Keeley and Rundel, 2005) . In the western U.S., increased seasonality resulted from the northward displacement of summer westerlies to ~38°N, beginning at 11 Ma and strengthening at 7-8 Ma (Kennett et al., 1985; Barron et al., 2002) . Tectonics, augmented by global cooling, drove increased precipitation seasonality, intensifi cation of seasonal fi res, and rise of grasslands (e.g., Quade et al., 1989) . C4 grasses are not abundant everywhere in the western U.S. because of differences in the season of dominant precipitation. The dry season corresponds with summer for the Columbia Plateau and west coast, but with winter for the Great Plains and southwestern U.S., refl ecting monsoonal fl ow associated with the Colorado Plateau and teleconnections to the North Pacifi c, North Atlantic, Indian monsoon, and Tibetan Plateau. Thus, our hypothesized increase in seasonality favored C4 grasses in the southwestern U.S. and Great Plains, but C3 grasses along the west coast and on the Columbia Plateau. Precipitation seasonality in the three other regions on Earth exhibiting the rapid increase in C4 ecosystems (RICE)-the Indian subcontinent, East Africa and South America-is also affected by the Tibetan Plateau and Altiplano. Abrupt uplift culminating by 7-8 Ma logically drove RICE in these areas, too, although the correspondence between the rise of the Altiplano and Tibet may well be fortuitous.
